Efficient generation of charge carriers from a metallic surface is a critical challenge in a wide variety of applications including vacuum microelectronics and photo-electrochemical devices.
The coupling of electromagnetic radiation to free electron oscillations at a metal interface and its consequent properties including enhanced optical near-field have drawn significant interest to the field of plasmonics and its applications. Some of the most widespread demonstrated applications of this nanoscale light-matter interaction include surface-enhanced Raman spectroscopy (SERS), 1,2 plasmonic color pixels for CMOS compatible imaging and bio-sensing, [3] [4] [5] [6] hot electron photo-electrochemical and photovoltaic devices and photodetectors, 7-10 optical antennas, 11, 12 plasmonic integrated circuits, 13, 14 and metamaterials. 15, 16 Here, we propose a simple periodic surface ( Following the discovery of the first solid-state diode in 1874 18 and the phenomenon behind thermionic emission, 19 the first practical vacuum tube device, the thermionic diode, was patented Schrödinger equation for a rounded triangular barrier. 27 The barrier is rounded due to the image charge effect and has a lower effective work function. 28, 29 The total current density can be obtained as a function of electric field at the surface, electron temperature, and Fermi energy for electrons with energy in the surface normal direction. 22, 29, 30, 31 It can be concluded that for the strong-field tunneling mechanism, ln(
curves should be linear with a negative slope depending on the work function and the surface field enhancement.
The addition of optical excitation can interact with the system by both modulating the barrier and increasing the initial energy of electrons due to photon absorption. 29, [32] [33] [34] The dominant mechanism for weak optical fields is either photo-assisted field emission [ Fig. 2(b) ] or photoemission [ Fig. 2(c) ]. In the photo-assisted field emission process, electron energy is enhanced to a non-equilibrium distribution by absorption of one/two photons of frequency and tunnels through thereafter. In the photoemission process, the electron absorbs a sufficient number of photons to travel above the barrier as shown in Fig. 2 
(c). If the multiphoton emission process
happens by absorption of a greater number of photons than required ( > ℏ ) the process is called above-threshold photoemission. 35, 36 It has been shown than in the multiphoton regime photo-emitted current is proportional to the nth power of laser intensity, where n is the total number of photons absorbed. 30, 35 If the laser intensity is sufficiently large, the potential barrier becomes narrow enough during part of the optical cycle for the electrons to tunnel through directly from the Fermi level. This process is called optical field emission and it is shown in Fig. 2 
(d). Fowler-Nordheim type
equations can be used in this strong-field regime by substituting the total field with the sum of DC and AC fields.
The transition between the photon-driven and field-driven regimes is characterized by Keldysh parameter which is defined as the ratio of the incident optical frequency to the characteristic tunneling frequency of metal. 37, 38 For relatively weak fields where Keldysh parameter is above unity, the quiver amplitude of electrons in the applied field is smaller than the decay length of the near field; therefore, electrons are back accelerated before they are liberated and the dominant process is multiphoton induced emission. 24, 32 The local slope of the photocurrent as a function of laser intensity drops as the dominant mechanism changes from multi-photon induced emission to optical field emission and therefore it is an appropriate characterizing property. 24, 38 Nanostructures supporting surface plasmon resonances provide both electric field enhancement and spatial confinement. The induced local field enhancement can be used to facilitate electron emission and ponderomotive acceleration processes and it also provides access to high field intensity regions by operating in intensities below the damage threshold of the metal. 24, 30, 35, 36, [38] [39] [40] [41] [42] The resonant field enhancement is due to the collective oscillation of conduction band electrons in a confined region and it depends on the geometrical shape; therefore, it provides an additional control parameter to liberate electrons. 40, 43, 44 Here, we have optimized a resonant metallic array of gold unit-cells to maximize the field enhancement when illuminated at 785nm wavelength. The consequent local field enhancement enables the unit-cells to emit electrons at DC and optical power levels significantly below expected. The array consists of multiple rows of unit-cells as shown in Fig. 3(a) . There are two terminals serving as the feed for the DC excitation and every other row of the array is connected to one terminal. Therefore, a vacuum channel is formed between the plates of each unit-cell on two adjacent rows. . For low laser power the DC electric field is not sufficient for the electrons to overcome the potential barrier as expected; however, it is shown that the emitted current increases significantly as the optical illumination intensifies to levels as low as 10s of ! !" ! . This is due to the highly nonlinear light-matter interaction at the surface allowing for a combination of DC and AC field excitations. If the electrons are mainly liberated due to nphoton absorption mechanism, I ∝ P ! where I is the photocurrent and P is laser power; therefore, with eigen-energies of + ℏ corresponding to sub-bands available by n-photon absorption (n>0) or emission (n<0) where is the surface normal energy of incident electron. 49 In our model, we used optical field enhancement and effective work function !"" as the control parameters to fit the measured data to analytical solution, assuming optical illumination at 785nm and electrons being initially at the Fermi level. 27, 31, 36, 38, 50 The model does not include the reduction of barrier height due to image charge effects and solves the Schrödinger equation assuming a sharp triangular barrier; however, as shown by Zhang and Lau 48 it can be used for realistic potentials including the image charge effects by replacing the work function with reduced !"" . In order to fit both constant DC field and constant AC field curves to the analytical solution, the effective work function of gold had to be reduced to 3.3ev. This reduction is slightly higher than the energy of a photon at 785nm (1.58ev), suggesting a combination of one and two photon absorption at the surface. The optical field at the surface had to be enhanced by 3 orders of magnitude in order to reach measured current levels. , red: analytical model, blue: measured data. !" ! . The surface enhancement mechanism has been previously utilized in ultrafast free electron generation. 24, 31, 51 It has also been discussed that photo-assisted field emission process can be favored over multiphoton over-the-barrier photoemission due to the increase in tunneling probability of electrons through an optically modified barrier. 35 Therefore, it appears from our experiments that the optical excitation at the resonance wavelength of the
surface reduces the gold work function at least by one photon energy. Additionally, the enhanced optical field induces sufficient modulation of the barrier to make it narrow enough at parts of the optical cycle for the electrons to tunnel through after absorption of one or two photon energies.
The obtained photocurrent based on the analytical model strongly agrees with the measured values in terms of both DC voltage and optical power levels as depicted in Fig. 7(b) and Fig. 7(c) respectively.
In summary, we have designed, fabricated, and modeled a plasmon-induced photoemission based vacuum-channel device enabling efficient combination of DC and AC field induced emission of electrons. Meanwhile neither solely optical nor DC excitation per se provides sufficient energy for the electrons to overcome the barrier, their highly nonlinear interaction at the interface results in significant photocurrent which has been characterized in our measurements. The laser and DC power levels required for electron emission are substantially reduced ( 
